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Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

E = mc2
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e

e

Less than
4% νe

in the 3 state!

Same for ν and ν̄ therefore CPT: δ ⇔ −δ Invariant!

States 1 and 2 are νe rich.

dividing point mββ ≈ 10meV ⇒⇒
Signal below ∼ 10 meV would imply
Majorana and Normal Hierarchy!

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude mνe > 1

30 eV , then Normal Hierarchy.

E = mc2
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• SUPERBEAMS:  (0.4 to 4 MW)

• Counting Expts (3 ways)

• Spectrum Measurement

• NEW NEUTRINO BEAMS

• Neutrino Factory (muon storage ring)

• High Gamma Beta Beams

mcosmo =
∑

mi

Long Baseline νµ→ νe or νe→ νµ
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Vacuum LBL:

νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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amplitude:

A(νµ → νe) = U∗
µ3Ue3 e−im2

3L/2E + U∗
µ2Ue2 e−im2

2L/2E + U∗
µ1Ue1 e−im2

1L/2E

eliminate last term using unitarity:

U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
µ3Ue3 = 0
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amplitude:
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+ U∗
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U∗
µ1Ue1 + U∗

µ2Ue2 + U∗
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A(νµ → νe) = U∗
µ3Ue3 sin∆31e

−i∆32 + U∗
µ2Ue2 sin∆21

and ∆ij ≡ δm2
ijL/4E is the kinematical phase:
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where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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Pµ→e ≈ | √
Patme−i(∆31±δ) +

√
Psol |2

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± =

sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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ē R

S
U

(2
)×

U
(1

)

R
ig

ht
C
hi

ra
l

e R
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νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2
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Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
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Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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where
√

Patm = sin θ23 sin 2θ13 {sin∆31 ⇒ sin(∆31∓aL)
(∆31∓aL) ∆31}

and
√

Psol = cos θ13 cos θ23 sin 2θ12 {sin∆21 ⇒ sin(aL)
(aL) ∆21}

2σ

Eν Window

Hierarchy resolved for sin2 2θ13 > 0.008 for all δ.
√

Patm =
√

Psol
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Asymmetry
Peaks:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)
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Zero Mimicking
Solutions:

where
√

Patm = sin θ23 sin 2θ13 {sin∆31 ⇒ sin(∆31∓aL)
(∆31∓aL) ∆31}

and
√

Psol = cos θ13 cos θ23 sin 2θ12 {sin∆21 ⇒ sin(aL)
(aL) ∆21}

2σ

Eν Window

Hierarchy resolved for sin2 2θ13 > 0.008 for all δ.
√

Patm =
√

Psol
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Asymmetry
Peaks:

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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mcosmo =
∑

mi

Long Baseline νµ→ νe or νe→ νµ

∆32 = π
2
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∆ + ∆̄ = π

Pµ→e = Psol
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with MATTER
νµ
→ νe

Pµ→e
=
∣∣∣∑ j

U
∗
µj

Uej
e
−im

2
j
L/2E

∣∣∣2
Elim

ate
U
∗
µ1

Ue1

usin
g uni

tari
ty of U.

Use ∆ij
= δm

2
ij
L/4E

= 1.27
δm

2
ij
L/E

Pµ→e
=
∣∣ 2U

∗
µ3

Ue3
sin∆31

e
−i∆32 + 2U

∗
µ2

Ue2
sin∆21

∣∣2

Squ
are

of Atmosp
her

ic+
Sol

ar am
plit

ude
:

U
∗
µ3

Ue3
= s23

s13
c13

e
∓iδ for

ν and
ν̄:

Appr
ox.

U
∗
µ2

Ue2
≈ c23

c13
s12

c12
+O(s13

):

Pµ→e
≈
∣∣ 2s23

s13
c13

sin∆31
e
−i(∆

32
±δ) + 2c23

c13
s12

c12
sin∆21

∣∣2

Inte
rfer

enc
e term

diff
ere

nt
for

ν and
ν̄:

CP vio
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Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sin∆21 ⇒
(

∆21
∆21∓aL

)
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant
and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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Figure 1: Shown are (a) the neutrino mass-squared eigenvalues in matter and (b) the ratio

Jm/Jv, for the parameters listed in eq. (15), as a function of the neutrino energy. Positive

energies correspond to neutrinos, and negative energies correspond to anti-neutrinos (vice

versa for inverted δm2’s).

produces a large value of Jm. A quantitative view of the impossibility of matter to produce

a truly large amplitude results when the explicit expression for Jv in eq. (5) is substituted

into eq. (8). The result is

P !T
m = 2 cos θv

31 sin(δv)

[
[(sin 2θ21δm2

21)(sin 2θ32δm2
32)(sin 2θ31δm2

31)]v
[δm2

21 δm2
32 δm2

31]m

]
sin ∆m

21 sin ∆m
32 sin ∆m

31 .

(17)

As seen from eqs. (10) and (13), at either resonance the bracketed factor in this equation does

not become large. What the resonance manages to do is to cancel the small vacuum value of

sin 2θv
21 or sin 2θv

31 in the amplitude (16Jv) of the T-violating oscillation. But accompanying

even this cancellation is a negative consequence for the associated oscillation lengths, to

which we now turn.

3 Baseline Limitations

A significant enhancement of T-violating oscillation amplitudes requires a small-angle reso-

nance. The conditions for this are either

δm2
21|m ! δm2

21|v or δm2
32|m ! δm2

21|v . (18)

6

− 1 + 0.5

√
sin2 2θ13

0.05

− 1 + 1.5

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21
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Evom = 0.6 GeV
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820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

2.0, 2.5 or 3.0 deg



Counting Expts near First Osc. Max.

Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

2.0, 2.5 or 3.0 deg

Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

10, 12 14 km



!!"##$%&!!!!!'()*(!+)()!(),-./!0'12!34

!!566"%7!!!!!'(89!+)()!(),-./!:8*!+;(;<(8*!=9/*)+;
!!566"%""!!!><<-+;.(!0$777!-..;*!?@ABC!""66!8=(;*
!!!!!!!!!!!!!!!!!?@AB!D;*;!+;B(*8E;+4
!!!!!!!!!!!!!!!!!!!!9)*(-)F!*;<8.B(*=<(-8.!8:!(G;!+;(;<(8*

!!5665%"6!!!H;B=I;!+)()!(),-./!0'12!334!I8B(FE!:8*!151
!!!!!!!!!!!!!!!!!09G8(8<)(G8+;!!<8J;*)/;!8:!56KC!7@;L

!!566M%"6!!!'()*(!:=FF!*;<8J;*E!D8*,

'12!33

'12!3
NME;)*B

&
5
I

O#I

!

P)(;*!QG;*;.,8J!+;(;<(8*

"!5766!D%;%!8J;*R=+;.
"!M6C666!(8.
!!!055CM66!(8.!:-+%4
"!""C"&$!!56!-.<G!?@AB
"!?G8(8!<)(G8+;!<8J;*)/;S
!!!&6K!8:!B=*:)<;
"!"CTTM!).(-2<8=.(;*!?@AB

><*EF-<!U!VH?!J;BB;F





Karol Lang, University of Texas,NOvA, XII International Workshop on “Neutrino Telescopes”, Venice, March 6-9, 2007 18

NO!A Far Detector we would like to build

!TAD = Totally Active Detector 

PVC = passive material

! mass N kT (N large)

~80% scintillator 

~20% PVC extrusions

!Modular structure

32 cells/extrusion

12 extrusions/plane

1984 planes 

!Cell dimensions:

3.9 cm x 6 cm x 15.7m

!U-shaped 0.7 mm WLS fiber into APD

15.7m

15.7m

We will build as much of this as the funding will allow…

31-plane

blocks 

(132-”super-

blocks”

Far Detector

Prototype  stack



T2K:

δm
2

31 > 0

δm
2

31 < 0



T2K Physics Sensitivity without 2km detectors

Stat. only

--68%CL

--90%CL

--99%CL

Goal
!(sin22"23)~0.01

!(#m23
2)~<1!10-4

(OA2.5(OA2.5°°))

$µ disappearance

KASKA 90%
(NuFact04)

CHOOZ

90%

a factor of >10 improvement over CHOOZ

$e appearance
(Strong ! dependence )

sin22"13

Aihara for T2K, P5 talk

Phase I
Sensitivity approx 0.5%  

T2K:

δm
2

31 > 0

δm
2

31 < 0



NOvA:

δm
2

31 > 0

δm
2

31 < 0



Phase I
Sensitivity approx 0.5%
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3 ! Sensitivity to "13 # 0

2.5 yrs with $

%

2.5 yrs with  anti - $

5 years with  $ only run

NOvA @ NO-VE 2007
NOvA:

δm
2

31 > 0

δm
2

31 < 0
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exact along diagonal ---  approximately true throughout the overlap region!!!

Neutrino v Anti-Neutrino  One Expt.

O. Mena + SP 
hep-ph/0408070

in the overlap region
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√
sin2 2θ13
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√
sin2 2θ13
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θcrit = π2

8
sin 2θ12
tan θ23

δm2
21

δm2
31
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√
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FIG. 6: Sensitivity to the sign(∆m2
31)-extraction at the 95% CL within the three reference setups

explored in the present study. The labels L, M and S correspond to the Large, Medium and

Small experimental setups explored in this study, respectively. The dashed black curve is obtained

from Eq. (7) setting 〈sin δ〉− = −1 (〈sin δ〉+ = +1) for the normal (inverted) hierarchy. This is the

bound that would be obtained with infinite statistics and in the absence of backgrounds.

are obviously crucial to resolve the hierarchy of the neutrino mass spectrum9. The sensitivity

to the measurement of the sign of the atmospheric mass difference is expected to be better

when the sign of sin δ is negative: in the case of the Medium experimental setup, the

sensitivity to the sign (∆m2
31)-extraction is lost for positive values of sin δ. We show as well

in Fig. (6) the theoretical limit on the sign(∆m2
31)-extraction, which acts as a rigorous upper

bound on the experimental sensitivity curves. A possible way to resolve the fake solutions

associated to the sign of the atmospheric mass difference would be to combine the data from

the proposed NuMI 10 km off-axis and T2K experiments [20, 25]. The complementarity of

the NuMI and T2K experiments can be explicitly shown by exploiting the identity given in

9 Recently, new approaches for determining the type of hierarchy have been proposed [28] by exploiting other

neutrino oscillations channels, such as muon neutrino disappearance, and require very precise neutrino

oscillation measurements.

14

NOvA:

S: 4 +4 yrs
M (=5*S):  Proton Driver
L (=5*M):  PD + Liquid Argon

− 1 + 0.47

√
sin2 2θ13

0.05

− 1 + 1.4

√
sin2 2θ13

0.05

in vac sin∆31

in vac sin∆21
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Resolution of the mass hierarchy
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Neutrino v Neutrino Two Expts
  Different L’s  and EQUAL  <E>/L ’s

2.5 degrees  and 14 km
or

2.0 degrees and 12 km

but NOT  
2.5 degrees and 12 km

EQUAL  <E>/L



(a) Neutrino–Antineutrino (b) Neutrino–Neutrino

FIG. 2: (a) Bi–probability neutrino–antineutrino ellipses at the far distances (810 km) for normal

(lower blue) and inverted (upper red) hierarchies. (b) Same as (a) but in the bi–neutrino plane at

the short (295 km) and far distances (810 km).

the sign(∆m2
31)-extraction is not free of degeneracies.

In the case of bi–probability plots for neutrino–neutrino modes at different distances

(which will be referred as near (N) and far (F)), the CP–trajectory is also elliptical (see

Fig. 2 (b)). The overlap of the two bands, which implies the presence of a degeneracy of the

type of hierarchy with other parameters, is controlled by the difference in the slopes and the

width of the bands. Using the fact that matter effects are small (aL ! ∆31), we can perform

a perturbative expansion and assuming that the 〈E〉/L of the near and far experiments is

the same6, at first order, the ratio of the slopes reads [44]

α+

α−

$ 1 + 4 (aNLN − aFLF)

(
1

∆31
− 1

tan(∆31)

)
, (3)

where α+ and α− are the slopes of the center of the ellipses as one varies θ13 for normal and

inverted hierarchies, and aF and aN are the matter parameters, LF and LN are the baselines

for the two experiments7. The separation between the center of the ellipses for the two

6 The reason for this choice of 〈E〉/L is explained in the next paragraph.
7 Notice that although we are using the constant density approximation, aF and aN are different because

the average density depends on the baseline. For T2K (NOνA ) we use an average density times electron

fraction equal to 1.15 (1.40) g · cm−3.

7

Bi-Probability
nu-antinu   v  nu-nu

hierarchies increases as the difference in the matter parameter times the path length for the

two experiments increases. Also, since (∆−1− cot ∆) is a monotonically increasing function,

we conclude that the smaller the energy, the larger the ratio of slopes, at least for the same

〈E〉/L.

However the width of the ellipses is crucial: even when the separation between the central

axes of the two regions is substantial if the ellipses for the normal and inverted hierarchy

overlap the hierarchy cannot be resolved for values of CP phase, δ, for which there is overlap.

The width of the ellipses is controlled by the difference in the 〈E〉/L of the two experiments.

For fixed θ13 the ellipses are flat if there exists two different δ which give the same oscillation

probability for both the near, PN , and far, PF , detectors. That is, if

PN(θ13, δ) = PN(θ13, δ
′) and PF (θ13, δ) = PF (θ13, δ

′) (4)

has non-trivial solutions for δ and δ′. Eqs. (4) are satisfied when cos(∆ + δ) = cos(∆ + δ′)

for both the near and far experiments simultaneously. Both equations can only be satisfied

when ∆N = ∆F , that is the two experiments have the same 〈E〉/L.

Thus, we have two conditions to satisfy to optimize the determination of the neutrino

mass hierarchy:

• (a) maximize the difference in the factor (aL) for both experiments and

• (b) minimize the ellipses width by performing the two experiments at the same 〈E〉/L.

The most promising way to optimize the sensitivity to the hierarchy with relatively near

term data is therefore to focus on the neutrino running mode and to exploit the Phase I

data of the long-baseline off-axis νe appearance experiments, T2K and NOνA. T2K utilizes a

steerable neutrino beam from J-PARC and Super-Kamiokande and maybe eventually Hyper-

Kamiokande as the far detector. The beam will peak at 0.65 GeV with the detector off-axis

by an angle of 2.5◦ at 295 km. For this configuration the matter effects are small but

not negligible [55]. NOνA proposes to use the Fermilab NuMI beam with a baseline of

810 km with a 30 kton low density tracking calorimeter with an efficiency of 24%. Such

a detector would be located 12 km off-axis distance from the beam center at L = 810 km

(corresponding to 0.85◦ off-axis angle), resulting in a mean neutrino energy of 2.0 GeV.
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FIG. 3: (a)Bi–event neutrino–neutrino ellipses at the NOνA and T2K experiments for normal

(lower blue) and inverted (upper red) hierarchies. From bottom up, the dashed ellipses correspond

to sin2 2θ13 varying from 0.01 to 0.2 with a stepsize of 0.01 and the solid ellipses illustrate the case

sin2 2θ13 = 0.1. The T2K far detector is located off-axis by an angle of 2.5◦. The NOνA detector

is placed 12 km off-axis. (b,c,d) Same as (a) but with the NOνA detector located at 13 km, 14 km

and 16 km off-axis, respectively.

14 km off-axis. Fig. 3 shows the potential of the combination of the data from the Phase

I (only neutrinos) of the T2K and NOνA experiments, without relying on future second

off-axis detectors (placed at a shorter distance or at the second oscillation maximum) and

future upgraded proton luminosities (and/or detection technologies providing almost perfect

detection efficiencies).

The disadvantage is that the configuration at 14 km off-axis implies a 30% loss in statistics
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(a) ∆m2
31 = +2.4 × 10−3 eV2 (b) ∆m2

31 = +3.0 × 10−3 eV2

FIG. 4: (a) 90% CL (2 d.o.f) hierarchy resolution for different possible combinations: the default

one (T2K at an off-axis angle of 2.5◦ and NOνA far detector at 12 km off-axis, in solid blue), T2K

at an off-axis angle of 2.5◦ and NOνA far detector at 13 km off-axis (long dash-dot red curve),

T2K at an off-axis angle of 2.5◦ and NOνA far detector at 14 km off-axis (short dashed red curve),

T2K at an off-axis angle of 2.5◦ and NOνA far detector at 16 km off-axis (three dots-three dashes

blue curve) and T2K at an off-axis angle of 2◦ and NOνA far detector at 12 km off-axis (dotted

blue curve). We have considered the statistics corresponding to the Phase I of both experiments.

The vertical dashed line indicates the 95% CL CHOOZ bound for the value of ∆m2
31 for the panel.

(b) The same as (a) but assuming that ∆m2
31 = 3.0 × 10−3 eV 2 and only for the three most

representative combinations: the default one (in solid blue), T2K at an off-axis angle of 2◦ and

NOνA far detector at 12 km off-axis (dotted blue curve) and the optimal one, that is, T2K at an

off-axis angle of 2.5◦ and NOνA far detector at 14 km off-axis (short dashed red curve). If one

reinterprets these limits for 1 d.o.f then they correspond to the 95% CL, approximately.

the far detectors) will obviously increase the statistics and will shift the sensitivity curves

depicted in Fig. 4 (a), similarly to the effect of increasing ∆m2
31, see Figs. 6, where we have

upgraded NOνA and T2K experiments by increasing a factor of five their expected Phase I

statistics (Phase II). Fig. 7 depicts the results from an upgraded Phase II of both experiments

in the inverted hierarchy nature’s choice: if the neutrino mass hierarchy is inverted, the case

for the Phase II of both experiments will be stronger, especially for ∆m2
31 = 2.4× 10−3 eV2.

13
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2.0 deg & 12 km

Hierarchy Determination
using 2 dof:  90% CL

NH

WHY 2 dof ????
90% at 2 dof 

approx
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FIG. 5: Same as Figs. 4 but assuming that the nature’s choice for the neutrino mass spectrum is

the inverted hierarchy.

(a) ∆m2
31 = +2.4 × 10−3 eV2 (b) ∆m2

31 = +3.0 × 10−3 eV2

FIG. 6: Same as Figs. 4 but increasing the statistics of T2K and NOνA by a factor of five.

V. CONCLUSIONS

The most promising way to extract the neutrino mass hierarchy is to make use of the

matter effects in neutrino oscillations. For that purpose, the fastest way would be to exploit
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V. CONCLUSIONS
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matter effects in neutrino oscillations. For that purpose, the fastest way would be to exploit
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(a) ∆m2
31 = −2.4 × 10−3 eV2 (b) ∆m2

31 = −3.0 × 10−3 eV2

FIG. 7: Same as Figs. 6 but assuming that the nature’s choice for the neutrino mass spectrum is

the inverted hierarchy.

the neutrino data only from two near-term long baseline νe appearance experiments per-

formed at the same 〈E〉/L, provided sin2 2θ13 is within their sensitivity range or within the

sensitivity range of the next-generation ν̄e disappearance reactor neutrino experiments. Such

a possibility could be provided by the combination of the data from the Phase I of the T2K

and NOνA experiments. We conclude that the optimal configuration for these experiments

would be 14 km off-axis for the NOνA far detector and 2.5◦ off-axis for the T2K experiment.

The combination of their expected results could provide a 90% confidence level (using 2 d.o.f)

resolution of the neutrino mass hierarchy if sin2 2θ13 > 0.11 (for ∆m2
31 = 2.4 × 10−3 eV2)

or if sin2 2θ13 > 0.07 (for ∆m2
31 = 3.0 × 10−3 eV2). A modest upgraded next Phase of both

NOνA and T2K experiments (by increasing a factor of five their expected Phase I statistics)

could shift the 90% CL limits quoted above to sin2 2θ13 > 0.03 (for ∆m2
31 = 2.4× 10−3 eV2)

and to sin2 2θ13 > 0.025 (for ∆m2
31 = 3.0 × 10−3 eV2). A slightly less sensitive combination

is T2K at 2◦ off-axis angle and NOνA at 12 km off-axis location.
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• Increased Statistics:

• Improved sensitivity to                   ???                
(flux, cross section and backgrounds)

• smaller matter effects:

Suppose T2K ran @  2.0 deg
  <E> = 0.75 MeV

    same <E>/L as NOvA 12km

Increase in sensitivity to sin2 θ13

(combination of cross section, osc. prob., backgrounds)

Smaller matter effect:
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Resolution of the mass hierarchy

NOvA  + T2K:

Half Neutrino Running     +     different <E>/L

NOvA @ NO-VE
2007
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i.e. sin2 2θcrit = 0.10

(ρL) for NOvA three times larger than (ρL) than T2K.
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|〈sin δ〉T 2K
fake − 〈sin δ〉NOνA

fake | ≈ 1.0

√
sin2 2θ13

0.05

if the measurement uncertainty on sin δ

≈ ±0.2

then the two fake solutions are well separated down to

sin2 2θ13 ≈ 0.01
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95% CL Resolution of

the Mass Ordering

NO!A with T2K Phase 1 NO!A/PD with T2K Phase 2

95% CL
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Spectrum Measurements:

• Off Axis - 2nd Peak  

• On Axis  



• 28 GeV protons. 1 MW beam power. Horn focussed

• 500 kT water Cherenkov detector.  

• baseline > 2500 km.  WIPP, Henderson, Homestake

• We have proven by 3 years of work that this can be done.

 

2540 km

Homestake
BNL

AGS Super Neutrino Beam Facility Horn Geometry
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Figure 6.7: Wide band horn focused muon neutrino spectrum for 28 GeV protons on a graphite
target.

BNL Wide Band. Proton Energy = 28 GeV

10
-8

10
-7

10
-6

10
-5

0 2 4 6 8 10 12 14

Eν (GeV)

n
u

/G
e

V
/m

2
/P

O
T

 a
t 

1
 k

m Distance = 1 km
Antineutrino Beam

ν
_

µ

νµ

ν
_

e/ν
_

µ = 0.008

Figure 6.8: Wide band horn focused muon antineutrino spectrum for 28 GeV protons on a
graphite target.

97 October 8, 2004

Numerous Approaches to Studying νµ↔ νe Transitions:

• Off Axis - Narrow Band Beams νµ → νe (T2K and NOvA)

• On Axis - Broadband Beam νµ → νe (BNL 2 HSK)

• Neutrino Factory νe → νµ

• Beta Beams νe → νµ

On Axis Beams:
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Some recent progress: detector in Korea Some recent progress: detector in Korea 

JPARC

Off-axis angle

2.5deg.off-axis beam  @Kamioka

Distance from 

the target (km)

2.5 deg. off axis2.5 deg. off axis

2.5 deg. off axis2.5 deg. off axis

Total cost must 

be similar to the 

baseline design. 

66 participants (mostly from Korea) 66 participants (mostly from Korea) 

from 5 countriesfrom 5 countries

2nd workshop in summer 

2006
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2years of " run + 6 years of anti-" run !

O(106 events for both runs)

Off Axis:

see Kajita talk:
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CONCLUSION:
• Determination of Neutrino Hierarchy is Challenging

and can effect whether or not
the observation of CP violation can be CLAIMED.

• NOvA has a shot, BUT it’s VERY δCP DEPENDENT

• T2K + NOvA can substantially reduce the δCP dependence
using NEUTRINOS ONLY. IF they run at the SAME < E > /L.

• However, many issues need experimentalist expertise.

• IMHO we need, join task force between T2K + NOvA
before this opportunity is LOST FOREVER !!!
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